Endotoxin was shown to depress neutrophil bactericidal activity while enhancing Nitro Blue Tetrazolium reduction and hexose monophosphate shunt activity. Separation of bactericidal action from oxidative metabolism suggests that the toxic effect of endotoxin might involve the formation of reactive oxygen radicals such as superoxide. Chemiluminescence often accompanies metabolic activation of polymorphonuclear neutrophils (PMNs). However, human PMNs did not show chemiluminescence when challenged with endotoxin (lipopolysaccharide; LPS) or lipid A. Superoxide formation was also unaffected by endotoxin. In contrast, preincubation of PMNs with LPS for 30 min produced significant depression of chemiluminescence, oxygen consumption, and superoxide formation. Decreased chemiluminescence was not the result of complement consumption. In a cell-free system, superoxide was not scavenged by LPS, nor did LPS stimulate superoxide dismutase. Oxidase enzymes for reduced nicotinamide adenine dinucleotide or reduced nicotinamide adenine dinucleotide phosphate harvested from broken cells were not affected by LPS. The toxicity of LPS may reside in its ability to activate the PMNs while simultaneously blocking bactericidal capacity.
There is general agreement that exposure of polymorphonuclear neutrophils (PMNs) to endotoxin (lipopolysaccharide; LPS) in vitro results in enhanced hexose monophosphate shunt (HMPS) activity (10, 11, 23, 41) , increased glycolysis (10, 11, 23, 28) , increased lysosomal enzyme release (22) , and accelerated Nitro Blue Tetrazolium (NBT) reduction (19, 29, 33, 34, 40, 41) . In contrast, various authors have found that LPS challenge increases (23, 45) , decreases (28) , or has no effect (11) on neutrophil oxygen consumption. This disparity of results might be due to the different species used in these experiments (human, guinea pig, rabbit), differences in methods of obtaining PMNs (i.e., from exudates or venous blood), the presence or absence of serum in the system, and the relative insensitivity of the Warburg manometric technique (48) .
Understanding the oxidative changes that occur in LPS-challenged human PMNs is critical since oxygen-derived radicals are instrumental in neutrophil bactericidal activity (3) . This communication describes the effects of endotoxin on human neutrophil oxygen consumption, HMPS activity, chemiluminescence (CL), superoxide production, reduced nicotinamide adenine dinucleotide (phosphate) (NADPH-NADH = [NAD(P)H]) oxidase activity, and bactericidal activity.
MATERIALS AND METHODS
Preparation of neutrophils. Venous blood from healthy donors was heparinized (2 U of aqueous sodium heparin per ml of blood; grade 1; Sigma Chemical Co., St. Louis, Mo.) and combined with 1 to 2 volumes of 3% dextran (average molecular weight, 264,000; Sigma) in isotonic saline (pH 7.4). After 20 min of erythrocyte sedimentation at room temperature, the leukocyte-rich supernatant was separated and then centrifuged (200 x g, 5 min). Contaminating erythrocytes were lysed by addition of 0.155 M NH4Cl, 10 mM ethylenediaminetetraacetic acid, and 0.3 mM NaHCO:3 at 37°C. The and S. aureus were stored at -20'C and used in oxygen consumption studies. Before lyophilization, bacteria were suspended in sterile distilled water. Those bacteria used for bactericidal assay (E. coli 0:6 and S. aureus) were obtained from overnight cultures and adjusted to an optical density of 0.6 at 620 nm. A 1:1,000 dilution gave 1 x 10' to 4 x 10' bacteria per ml. Both E. coli 0:6 and S. aureus were resistant to serum bactericidal action.
Zymosan (Sigma) was prepared using the method of Rosen and Klebanoff (38) . Bacteria and zymosan were preopsonized by incubation with serum (37 Bactericidal assay. PMN bactericidal activity was modified using the method of Quie et al. (36) . Duplicate 1-ml reaction mixtures in HBSS containing 10% serum, 5 x 10" PMNs, and 1 x 10' to 4 X 10' bacteria were rotated end-over-end for 120 min at 37"C. Sam- ples were taken at 30-min intervals and diluted with distilled water. The number of bacteria per milliliter was determined by the pour-plate method using tryptic soy agar (Difco).
Quantitative NBT test. The quantitative NBT dye reduction test was performed as previously described (4) . A brief description of the method, including the anaerobic modification, follows. PMNs were divided into equal portions and held on ice either in room air or in a Coy anaerobic glove box (Ann Arbor, Mich.) for 5 h. After the cells were allowed to warm for 30 min at 37°C, 4 x 10`PMNs, 0.05 ml of 2C mM KCN, 0.4 ml of 0.1% NBT, 100 yg of LPS, and HBSS sufficient to make a volume of 1.1 ml were added and incubated either aerobically or anaerobically for 30 min at 37°C. Reactions were terminated by adding 4.0 ml of ice-cold 0.4 N HCI. Pellets were extracted with 4.0 ml of pyridine, and optical density was read at 515 nm.
HMPS activity. HMPS activity was determined as previously described (35) . Briefly, 5 x 10" PMNs, 1 (21) . An extinction coefficient of 2.11 x 104 M cm-' at 550 nm (reducedoxidized) was used to calculate micromoles of ferrocytochrome c formed. When present, LPS was at a final concentration of 100 jg/ml. NAD(P)H oxidase activity. Neutrophil oxidase activity was measured by the fluorometric method of DeChatelet (14, 26) and is briefly described below.
Reaction mixtures containing 5 x 10' PMNs in phosphate-buffered saline (pH 7.4) were equilibrated for 30 min at 37°C before challenge with preopsonized zymosan particles (final concentration, 3 mg/ml). To those tubes receiving LPS, LPS (100 Mg/ml) was added either at the beginning or the end of the equilibration period. Three minutes after zymosan was added, the reaction was stopped by adding 2.0 ml of iced 0.68 M sucrose. The cells were homogenized (greater than 95% breakage) and then centrifuged at 500 x g, and finally the supernatant was removed and centrifuged at 27,000 x g. The protein concentration in the highspeed pellet was adjusted to 1 mg/ml, and 0.3-ml samples were used for assay in the NAD(P)H oxidase VOL. 25, 1979 on November 3, 2017 by guest http://iai.asm.org/ Downloaded from assay. Assay mixtures (1.0 ml) contained 0.3 ml of pellet protein solution, 2.0 mM KCN, 0.1 M 2-(Nmorpholino)ethanesulfonic acid (pH 6.0) buffer, and either 0.2 mM NADPH or 0.8 mM NADH. After 30 min of incubation at 370C, reactions were stopped by the addition of 1 ml of 0.4 M HCl04, and precipitated protein was removed by centrifugation. A 0.1-ml supernatant was incubated with 0.15 ml of 10 N NaOH for 1 h at 20'C. Then 1.6 ml of water was added, and fluorescence was read on an Aminco-Bowman spectrofluorometer (excitation, 365 nm; emission, 448 nm). Nanomoles of NADH or NADPH formed were determined by comparison to relative fluorescence of standard curves, run in parallel daily. All determinations were performed in duplicate. Direct addition of LPS to the assay mixture was found not to alter oxidase activity.
RESULTS
Effect of endotoxin on neutrophil bactericidal activity. Effect of LPS on NBT dye reduction. Reduction of NBT dye by PMNs was enhanced by addition of either latex spheres or LPS (Table  3) . This reduction increased with increasing concentrations of LPS. Addition of larger quantities of LPS (up to 1,000 4g/ml) resulted in no greater reduction than occurred at 100 tg/ml.
Because particle-induced NBT reduction by neutrophils is reportedly mediated solely by superoxide (an oxygen-derived radical) in whole PMNs (6), we elected to measure LPS-induced NBT reduction anaerobically (Fig. 2) (Table 5) .
Because LPS is known to activate the alternative pathway of complement (18, 32) , studies were undertaken to assess the role of complement in the LPS-altered CL response of PMNs. When heated serum replaced fresh serum (Fig.  3) , a marked reduction in light production was obtained. Nevertheless, the PMNs preincubated with LPS still showed less CL in heated serum than those PMNs that were either unexposed to LPS or added to the system simultaneously with LPS. PMNs challenged with preopsonized bacteria in heated serum showed the same CL values as those challenged with bacteria in fresh serum, whereas the LPS-preincubated PMNs showed significantly less light production.
Effect of endotoxin on neutrophil superoxide production. To be sure that LPS was not decreasing CL by light quenching, by scavenging light-producing radicals, or by enhancing superoxide dismutase activity, 02 formation VOL. 25, 1979 on November 3, 2017 by guest http://iai.asm.org/ was measured. When xanthine is metabolized to hypoxanthine by xanthine oxidase, 02-is formed (15, 16) . Production of 02-was found to be unaffected by the addition of LPS. When sufficient superoxide dismutase was added to the reaction mixture to decrease the amount of cytochrome c reduction by 50%, addition of LPS did not affect superoxide dismutase activity.
Release of 02 from whole cells, as measured by cytochrome c reduction, was greatly accelerated by the addition of E. coli or S. aureus (Fig.  4) . PMNs challenged simultaneously with LPS and bacteria release 02-in quantities nearly identical to PMNs challenged with bacteria alone. In contrast, preincubation of PMNs with LPS resulted in a significant decrease in the bacteria-induced neutrophil 02 formation.
Effect of LPS on NAD(P)H oxidase activity. The NADPH oxidase activity in neutrophils challenged with zymosan showed a 60% increase as compared to that in resting PMNs (Table 6 (10, 11, 23, 47) , and this was reconfirmed in our studies using E. coli O11L:B4 LPS in human PMNs. Separation of HMPS activation from oxygen consumption and 02 production is unusual among activators of PMN metabolism (3, 13) . Sodium fluoride is the only other agent known to stimulate glucose metabolism (39, 42) but to induce little (24) or no (9) PMN CL relative to the quantity of 02 produced. In contrast to LPS, sodium fluoride does induce the release of large quantities of 02 from human PMNs (9, 12, 24) . It has been postulated that sodium fluoride fails to produce CL because it is a nonoxidizable agent. However, LPS is a soluble, potentially oxidizable compound which did not stimulate CL or the release of 02 in our experiments. Another soluble agent, ConA, also stimulates CL (Table 5 ) and 02 (22) . Thus, it cannot be postulated that LPS fails to induce CL or 02 production because it is a soluble, nonoxidizable substance.
Preincubation of PMNs with lipid A and LPS depressed phagocytosis-induced CL and 02 release. ConA-stimulated CL was also reduced after preincubation of PMNs with LPS. Thus, LPS interfered with full PMN excitation by both particulate and surface-active agents. Interestingly, the PMN CL after E. coli challenge was consistently less than that produced by S. aureus. Whether this is due to in situ LPS remains to be determined.
Failure of LPS to stimulate oxygen consumption is consistent with the lack of CL, since light emission from PMNs is felt to arise from the oxygen-derived by-products of the respiratory burst (2, 9, 38, 49) . Previous studies had reported that PMNs utilizing less oxygen kill with decreased efficiency. Interestingly, adding bacteria and LPS to PMNs simultaneously also resulted in a similar, but delayed, reduction in bactericidal activity. The bactericidal assay was the one test that extended for more than 30 min, thus affording simultaneously added LPS an opportunity to interact with the PMNs. Indeed, the contours of the bactericidal curves were nearly identical after 30 The diminished bactericidal activity observed was not the result of decreased phagocytosis. This is in accord with a previous report which actually demonstrated accelerated phagocytosis when LPS and 10% serum were present with bacteria and PMNs (11) .
It is well established that LPS-challenged PMNs demonstrate enhanced NBT reduction (19, 29, 33, 34, 40, 41) . NBT reduction is reportedly mediated solely by O2 in whole cells, but not in sonicated PMNs (6) . When PMN sonic extracts were utilized, anaerobic NBT reduction was 67% as efficient as aerobic NBT reduction. Since LPS did not stimulate oxygen uptake, alternative NBT-reducing substances must be available to LPS-challenged PMNs, perhaps via another NBT reductase(s) (5, 25) . LPS might allow the NBT dye to penetrate the intact PMN or phagosomal membrane and thus to come in contact with non-oxygen-dependent reducing compounds. LPS has been shown to enhance inulin entry into PMNs (23) . Neutrophil NAD(P)H oxidase(s) activates the HMPS by producing NADP, the rate-limiting VOL. 25, 1979 on November 3, 2017 by guest http://iai.asm.org/ Downloaded from compound for the HMPS (7). Neutrophil NADH oxidase or NADPH oxidase activities were unaltered by the addition of LPS. Thus, nonoxidative pathways must be available for production of NADP from NADPH. One such possibility might be via the glutathione reductase pathway (27, 37) .
The multiple effects that LPS has on the PMN are possibly mediated through membrane alterations. LPS is known to bind to PMNs (8, 30) , perhaps via a specific membrane receptor (44) . Partial removal of sialic acid from the human PMN membrane causes the PMN to respond much like a PMN preincubated with LPS (46) . Sialic acid-deficient PMNs showed normal phagocytosis and HMPS activation by latex particles, but marked inhibition of ConA-or phagocytosis-stimulated 02-production (46) . Another possibility is that alterations) in the oxidase enzyme(s) in the intact cell might return to normal during isolation. Since the NADPH oxidase is thought to be an allosteric enzyme (14) , LPS might act by maintaining the enzyme in a less active form in whole cells. Alternatively, LPS might interfere with the delivery of oxygen to the oxidase enzyme. In any event, the striking similarlity between LPS-challenged and neuraminidase-treated PMNs suggests that LPS action may well be mediated by interactions with cell membrane sialic acid groups. 
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